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TECHNICAL NOTE
Organ culture of rat kidney: A model for angiotensin II receptor
ontogenic studies
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Angiotensin II (Ang II) exerts multiple renal effects on blood
flow, glomerular filtration, tubular reabsorption of electrolytes,
and renin secretion [1—4]. It also has growth factor properties in
several cell culture models where it stimulates cell growth, expres-
sion of growth factors and proto-oncogenes [5—101. The selective
Ang Il-receptor competitors Dup 753 and PD 123177 have been
used to distinguish receptor subtypes in diverse tissues. Dup 753
inhibits binding to the AT1 receptor, the subtype mediating all
biologically known actions of Ang II, whereas PD 123177 inhibits
binding to the AT2 receptor, mainly expressed in fetal tissues and
whose role is still unclear [11]. This pharmacological classification
has been validated by the cloning of AT1 and AT2 cDNA.
In the kidney of adult primate and rat, autoradiographic
binding studies have shown that AT1 receptors are markedly
predominant and mostly expressed in glomeruli, proximal tubules,
inner stripe of the outer medulla and vasa recta bundles [12, 13],
whereas the AT2 subtype is abundant and widely distributed in
fetal kidneys [14—16]. In the rat, only a small proportion of
glomeruli is functional at birth and nephrogenesis is not totally
completed until about 10 days of age [17, 18]. The post-natal
developmental period is characterized by a progressive increase in
AT1 and a dramatic decrease in AT2 receptors [191.
The mechanisms that induce the disappearance of AT2 and the
appearance of AT1 during development are unknown. We have
analyzed the changes in Ang II receptor subtype expression in an
in vitro system of nephrogenesis. We showed an early expression
and rapid increase of AT1 receptors both at the protein and
mRNA levels, suggesting that this model could be appropriate to
probe the effects of candidate factors on the AT2-to-AT1 shift.
Methods
Materials
'251-Ang 11(2,000 Ci/mmol) was purchased from New England
Nuclear (Boston, MA, USA). Dup 753 and PD 123177 were gifts
from Merck, Sharp and Dohme Research laboratories (West
Point, PA, USA) and Parke Davis-Warner Lambert (Ann Arbor,
MI, USA), respectively.
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Metanephric organ culture
One Sprague-Dawley male rat was associated with six females
overnight. Positive mating was determined by the presence of
spermatozoids in vaginal smear (day 0 of pregnancy). Embryos
were removed aseptically from uteri of anesthetized pregnant rats
on day 14 of pregnancy (E14). Whole metanephric kidneys were
surgically dissected from embryos in a laminar flow hood using a
binocular. Each kidney was rinsed in basal medium and checked
for its integrity.
Cultures of metanephric kidney were carried out on sterile
permeable membranes of 3-.tm pore size (Costar transwell) for
up to 13 days at 37°C in a 5% C02-containing atmosphere. Two
kidneys were deposited on each membrane, and the chamber was
inserted in a well of a six-well tray filled with medium (2.5 ml) up
to the level of the membrane. We used a chemically defined
medium composed of equal volumes of Dulbecco's modified
Eagle's medium (DMEM) and Ham's F12 nutriment (Sigma),
including 1.2 glliter sodium bicarbonate, and supplemented with
selenium salt (10_s M), transferrine (50 g/ml), dexamethasone (5
X i0 M), and insulin (S g/ml). Culture medium was changed
every other day. To assess the degree of growth and differentiation
at various stages of the culture, the rudiments were carefully
removed from the membrane and processed for light microscopy.
Quantitative autoradiography
Quantitative autoradiography was carried out on 14-day embry-
onic kidneys (E14) at the day of explantation (DO) and after 3
(D3), 6 (D6), or 13 (D13) days of culture, and on neonatal (Neo)
and adult kidneys.
Three-nm cryostat tissue sections were preincubated in 10 mM
sodium phosphate buffer, pH 7.4 containing 120 m'vi NaC1, 0.2%
bovine serum albumin, 5 mrvi EDTA and 0.1 mrvi bacitracine for 15
minutes at 22°C. incubation was then performed for 90 minutes at
22°C in fresh buffer containing I j.Ci/ml of 1251-Ang II in the
absence or the presence (10 I.LM) of AT1 (Dup 753) or AT2 (PD
123177) specific antagonists or Ang II, thus defining four groups
(0, +Dup, +PD, +Ang II). After incubation, the sections were
washed in ice-cold Tris/HCI buffer, pH 7.4, dried under a stream
of cold air then fixed with paraformaldehyde vapors for two hours
at 80°C in a glass dessicator. The slides were then exposed to
Kodak X-OMAT film and loaded into X-ray cassettes for about 10
days.
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Fig. 1. Photomicrographs of metanephric kidneys removed from fetuses at E14 (A) and cultured on filters as described in Methods for 3 (B), 6 (C), and 13
days (D). Pictures are shown at the same magnification to demonstrate kidney growth in culture. The inset in A shows four branches of the ureteric bud.
Quantitative image analysis was performed using a monozoom
tube (Nachet, 91000 Evry, France), and a black and white video
camera (Sony, Tokyo, Japan) transmitting the microscopic field
image to a microcomputer (Quadra 700, Apple, Cupertino, CA,
USA). Each autoradiographic spot, corresponding to '251-Ang II
binding to a single kidney tissue section, was digitized into a 512
x 512 pixel image over 24 bits for RGB colors. Using the software
"Image 1.51" (NIH, Bethesda, MD, USA), a program was written
to automate the image analysis for each spot. In a first step, this
program transformed the image in 256 grey levels. According to
the logarithmic relationship between optical density and grey
level, all the image pixels were converted in their logarithmic
values. Then, integrated optical density was divided by the spot
surface area expressed as pixels number to obtain the total mean
optical density for each spot. For each time condition, the mean
value of the non specific signal (+Ang II group) was subtracted
from the mean optical density of the three other groups (0; +Dup;
+PD) to determine specific mean optical densities. Then, for each
independent experiment (N = 3), the different specific mean
optical densities were averaged in each group (2 to 6 spots). The
AT1 and AT2 proportion was calculated as the ratio of the + PD
or +Dup group value, respectively, over the sum of +PD and
+Dup values. Finally these proportions were averaged for each
time of culture (DO, D3, D6, D13) or age of life (Neo, Adult).
Quantification of specific A Ti and A T2 mRNA
RNAs were prepared using the phenol-chloroform method
from 14-day embryonic kidneys before (E14, N =20) and after six
days (D6, N = 10) and 13 days (D13, N = 7) of culture, and on
18-day fetal kidneys (E18, N = 3) ground in guanidium thiocya-
nate solution. Purified RNAs were checked by migration on a
BET containing agarose-minigel and quantitated by computer
analysis using the software "Image 1.44" and RNA of known
concentration as a standard.
AT1 probe was a 500 bp DNA fragment obtained by PCR
amplification of rat genomic DNA using sense and antisense
primers as described by Ye and Healy [20]. AT2 probe was a
mixture of mouse (MNt) and human (HCt) DNA fragments
previously described by Lazard et at [211. The AT1, HCt and MNt
DNA probes were single-stranded 32P-labeled by polymerization
reaction using the probes as template primed with their respective
antisense nucleotide in presence of (32P-a)-dCTP. The reaction
was performed in a thermal cycler for 35 cycles (15 seconds at
94°C, 30 seconds at 50°C, 30 seconds at 72°C). The reaction
solution contained Thermobuffer as supplied by the manufacturer
(Promega), 1.5 mt MgCI2, 2 .tM each of dATP, dGTP, dlTP, 0.68
/LM of dCTP, 30 j.tCi of (32P-a)-dCTP, 20 pmot of primer, 100 ng
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of DNA template and 2.5 units of Taq polymerase (Promega) in
a total volume of 13 p1.
For Northern blot analysis, total RNA (about 20 jig for each
condition) was electrophoresed in 1% agarose-formaldehyde gels,
transferred to Hybond N-fp membranes (Amersham) and hybrid-
ized with a mixture of the single-stranded 32P-labeled AT1 or AT2
probe (2 x 106 cpm/ml) and a random-primed 32P-labeled rat
glyceraldehyde phosphate dehydrogenase (GAPDH) probe (0.2
x 106 cpm/ml). The filter was finally washed in 2 x SSC, 0.1%
SDS at 45°C and exposed to X-ray film.
Statistical analysis
Fisher's test was used to determine the significance of differ-
ences in AT1 proportion between stages of in vitro and in vivo
development.
Results
Growth and differentiation of rat metanephros in
organotypic culture
To investigate AT1 and AT2 receptor distribution during in
vitro kidney development, we used a rat metanephric organ
culture originally described in mouse by Avner et al [22]. In rat
(Fig. 1), embryonic kidneys explanted at day 14 of pregnancy
(E14) were composed of nephrogenic tissue penetrated by the
ureteric bud that had divided between 2 and 3 times as shown by
the number of branches (between 4 and 8). At this time, only the
first stage of nephron differentiation was present (renal vesicle) on
histologic sections.
Metanephroi in culture underwent growth and maturation
leading to an increase in size and morphological complexity (Fig.
2). Size of the rudiment was increased by twofold on day 3, and by
fourfold at the end of the culture (D13). In addition, metanephroi
differentiated and nephrogenesis proceeded through the usual
stages (vesicle, comma, S-shaped body and glomerulus). On day 6
of culture, glomeruli were abundant, but the differentiation
process was not completed as shown by the presence of numerous
S-shaped bodies (Fig. 2B). After 13 days of culture, differentiation
was considered as maximal because almost all avascular glomeruli
had a mature epithelial appearance (Fig. 2C).
Developmental changes in Ang II receptor subtype binding
during culture
Quantification of AT1 and AT2 receptors was performed by
autoradiographic analysis of Ang II binding in the presence of
Ang II receptor subtype-specific antagonists (Fig. 3).
At 14 days of pregnancy (E14 =DO) 94 5% of Ang II binding
sites on embryonic kidney were AT2, as shown by displacement of
1251-Ang II binding by the AT2 selective antagonist PD 123177.
Conversely, a small proportion was accounted by AT1 (6%).
During in vitro nephrogenesis, a rapid and inverse change in the
content of AT1 and AT2 receptors occurred, with a progressive
increase in AT1 and decrease in AT2 receptors. After three days
of culture (D3), neither PD 123177 nor the AT1 selective Dup 753
were able to induce a total displacement of the radiolabeled Ang
II, indicating the coexistence of the two receptor subtypes.
Quantification analysis indicated that at D3, 38% of the total
receptors were of the AT1 type. At D6, AT1 receptors repre-
sented 45 2% of the total specific binding sites, and at D13, AT1
proportion (58 2%) became higher than that of AT2.
Fig. 2. Sections of metanephric kidneys removed from fetuses at E14 (A)
and cultured for 6 (B) and 13 (C) days. Sections were processed for light
microscopy and stained with hematoxylin-eosin to analyze the degree of
differentiation. Magnifications of pictures are purposely different to allow
analysis of structures within the kidney section. After six days of culture
(B), S-shaped bodies (arrows and inset) and glomeruli (arrowheads) are
abundant. After 13 days (C), all glomeruli (arrowheads and inset) have a
mature appearance, but without mesangium and capillary formations.
For comparison purposes, autoradiographic quantification was
also applied to neonatal and adult kidneys. In accordance with
previous results of other groups in rat [16] and human [15] kidney,
AT2 were markedly predominant in the one-day-old rat kidney
(86 17%), whereas in the adult 81 5% of Ang II receptors
were AT1.
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Fig. 3. Digitized images of autoradiographic spots coiresponding to angiotensin II binding sites on whole kidney sections. Total, AT! and AT2 receptors of
angiotensin II are shown in lanes 0, +PD and + Dup, respectively. The (+Ang II) lane illustrates the nonspecific signal. The different stages of in Vitro
(DO, D3, D6, D13) and in ViVO (Neo, Adult) development are indicated at the top of the Figure. The lower part of the Figure shows an histogram of
AT1 receptor binding sites quantitated as described in Methods. SDS are indicated at the top of the bars. The percentage of AT1 receptors increased
significantly between DO and D3 (P = 0.01), and from then on was significantly higher than in the neonatal kidney (P < 0.05). It remained, however,
significantly lower than in the adult kidney even after 13 days in culture (P = 0.01). AT1 and AT2 receptors accounted for 100% of total specific binding.
Developmental changes in Ang II receptor subtype mRNA
during culture
AT1 and AT2 gene expression was quantitated in the cultured
rudiments by Northern blot scanning analysis. For each condition,
AT1 and AT2 mRNA expression was compared to that of
GAPDH mRNA used as an internal standard. Figure 4 shows the
hybridization pattern and gives the relative variations of each gene
expression using DO = E14 as a reference.
AT1 mRNA was detected as early as E14. During organotypic
culture, Mg II receptor gene expression underwent marked
alterations. AT1 mRNA increased about threefold within the first
six days of culture, and 7.5-fold over the total culture period.
Conversely, a twofold decrease of the AT2 mRNA occurred
between DO and D6, but no further change was observed between
D6 and D13.
during in vivo fetal development of the kidney. An intermediate
condition (E18) between time of explantation (E14) and birth
(E21) was chosen. In accordance with previously published data
[23], we found a twofold increase in AT1 mRNA between E14 and
E18, whereas the AT2 mRNA level remained fairly stable.
Discussion
We have analyzed at the protein and mRNA levels, the
expression of angiotensin AT1 and AT2 receptors in organotypic
cultures of rat kidney comparatively to fetal kidney in vivo. For
this purpose, we set up a computer-aided quantitative analysis of
autoradiograms of kidney sections incubated with '251-Ang II in
the presence or the absence of an excess of Ang II receptor
subtype antagonists. The AT2-to-AT1 shift which occurs after
birth in vivo is markedly accelerated in culture conditions, making
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These variations were also compared with gene expression the kidney organotypic culture a model suitable for analyzing
factors responsible for ontogenetic changes in Ang II receptor
subtypes.
Initial studies performed also in the rat suggested that AT1
occurred later than AT2 both at the protein and mRNA levels.
Grady et al [241 disclosed ATI protein between E19 and E21,
while Tufro-McReddie and associates [25] detected AT1 mRNA
at E17. Our results demonstrating both AT1 protein and mRNA
at E14 confirm and extend more recent data showing the presence
of AT1 mRNA by in situ hybridization [26] and by PCR analysis
[23] at the same date in mouse and rat, respectively. The
percentage of AT1 receptors rapidly increased in the cultured
fetal kidney from 6% at E14 (day 0 of culture) to 38% at day 3 and
45% at day 6, while in the same time period, the amount of RNA
transcripts was multiplied by 2.9 and 7.5, respectively. The per-
centage of ATI after only three to six days in culture was about
three times higher (about 40%) than in the neonatal kidney
(14%), and the level of AT1 mRNA was 1.5-times higher at day 6
of culture (2.9) than at E18 in vivo (2.1). Interestingly, both ATI
protein and mRNA kept increasing until day 13 of culture,
parallel to the continuing maturation of the kidney up to a high
level of morphological maturation (Fig. 2C). Although the organ
culture system may not reflect in vivo development over the same
time period, especially because glomeruli maturing in vitro remain
avascular, it does provide an interesting system to study the switch
from AT2 to AT1 receptor subtype.
This work also shows that increased expression of AT1 recep-
tors with time does not require maturation of mesangium and
glomerular vasculature. Indeed, at the time of sampling (day 14),
only vesicles are found in areas of condensed mesenchyme in close
contact with the four divisions of the ureter bud. Later on, the
glomerulus that derives from one such vesicle undergoes normal
maturation which includes the development of an epithelial sheet
of glomerular visceral epithelial cells, but without mesangium and
glomerular capillaries (Fig. 2C, inset).
The role of AT1 and AT2 receptors in kidney development
remains speculative. Because the distribution pattern of AT2 in
undifferentiated mesenchymal cells adjacent to the stalk of the
ureter epithelium [26] overlaps that of cells undergoing apoptosis
[27], it has been suggested that AT2 expressing cells may be
programmed to undergo apoptosis. On the other hand, the
trophic and/or proliferative effect of Ang II on cultured tubule
cells [6, 7], together with the peak of ATI expression in the
proximal and distal tubules at later stages of kidney development
[26], are compatible with a role of AT1 in renal tubule maturation.
The kidney organotypic culture model makes it possible to test the
effects of specific receptor antagonists, in the presence or the
absence of Ang II, on kidney development. It can also be used to
identify factors involved in the disappearance of AT2 and the
appearance of AT1 after addition to the culture medium.
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DO D6 D13 E18
Fig. 4. Northern blot of kidney total RNA
sampled from fetuses (E14 = DO, E18) and after
6 (D6) and 13 (D13) days of organotypic culture,
and hybridized with AT], AT2 and GAPDH
probes. Relative AT1 and AT2 mRNA levels in
the various conditions compared to mRNA
levels at the time of sampling are indicated at
the bottom of the Figure.
1640 Bensoussan et a!: Model for AT2-to-A Ti shift
Acknowledgments
This work was supported by a joint grant from Merck-Sharp-Dohme-
Chibret and the Institut National de Ia Sante et de Ia Recherche Médicale
(Paris, France). Mickaelle Bensoussan is a recipient of a doctoral grant
from Association pour la Recherche sur Ic Cancer. We thank Mireille
Gueret for secretarial assistance and Maryline Masson for technical help.
Reprint requests to Pierre M. Ronco, MD., INSERM U64, Hôpital Tenon,
4 me de la Chine, 75020 Paris, France.
References
1. NAVAR LG, ROSIVALL L: Contribution of the renin-angiotensin
system to the control of intrarenal hemodynamics. Kidney mt 25:857—
868, 1984
2. DAVIS JO, FREEMAN RH: Mechanisms regulating renin-release.
Physiol Rev 56:1—56, 1984
3. BLANTZ RC, PELAYO JC: In vivo actions of angiotensin II on glomer-
ular function. Fed Proc 42:3071—3074, 1983
4. HARRIS PJ: Regulation of proximal tubule function by angiotensin.
Clin Exp Phannacol Physiol 19:213—222, 1992
5. NORMAN JT: The role of angiotensin II in renal growth. Renal Physiol
Biochem 14:175—185, 1992
6. WOLF G, NEILSON EG: Angiotensin II induces cellular hypertrophy in
cultured murine tubular cells. Am J Physiol 259:F768—F777, 1990
7. WOLF G, NEILs0N EG: Angiotensin as a cytokine for proximal tubular
cells. Kidney mt 39:S100—S107, 1993
8. ARAIU S, KAWAHARA Y, KARIYA K, SUNAKO M, TSUDA T, FUKUZAKI
H, Y0sHIMI T: Stimulation of platelet-derived growth factor induced
DNA synthesis by angiotensin II in rabbit vascular smooth muscle
cells. Biochem Biophys Res Commun 168:350—357, 1990
9. NAFTILAN AJ, GILLILAND GK, ELDRIDGE CS, KRAvr AS: Induction of
the protO-oncogene c-jun by angiotensin II. Mol Cell Biol 10:5536—
5540, 1990
10. RAY PE, AGUILERA G, Koi'p JB, HORIK0sHI 5, KLOTMAN PE:
Angiotensin II receptor-mediated proliferation of cultured human
fetal mesangial cells. Kidney mt 40:764—771, 1991
11. BUMI'US FM, CATF KJ, CHIU AT, DE GASPARO M, GOODFRIEND T,
HUSAIN A, PEACH MJ, TAYLOR DG, TIMMERMANS PBMWM: Nomen-
clature for angiotensin receptors. Hypertension 17:720—723, 1991
12. SECHI LA, GRADY EF, GRIFFIN CA, KALINYAK JE, SCHAMBELAN M:
Distribution of angiotensin II receptor subtypes in rat and human
kidney. Am J Physiol 262:F236—F240, 1992
13. ZHUO J, SONG K, HARRIS PJ, MENDELSOHN FAO: In vitro autoradiog-
raphy reveals predominantly ATI angiotensin II receptors in the rat
kidney. Renal Physiol Biochem 15:231—239, 1992
14. FEUILLAN PP, MILLAN M, AGUILERA G: Angiotensin II binding sites in
the rat fetus: Characterisation of receptor subtypes and guanyl
nucleotides. Regul Pept 44:159—169, 1993
15. GRONE HJ, SIMON M, FUCHS E: Autoradiographic characterizaton of
receptor subtypes in fetal and adult fetal human kidney. Am J Physiol
262:F326—F331, 1992
16. CIUFFO GM, VISWANATHAN M, SELZER AM, TSUTSUMI K, SAAVEDRA
JM: Glomerular angiotensin II subtypes during development of rat
kidney. Am J Physiol 265:F264—F271, 1993
17. SOLOMON S: Developmental changes in nephron number, proximal
tubular length and superficial nephron glomerular filtration rate of
rats. J Physiol (London) 272:573—589, 1977
18. ABRAHAMSON DR: Glomerulogenesis in the developing kidney. Semin
Nephrol 11:375—389, 1991
19. AGUILERA G, KAPUR 5, FEUILLAN P, SUNAR-AKBASAK B, BATHIA AJ:
Developmental changes in angiotensin II receptor subtypes and AT1
receptor mRNA in rat kidney. Kidney mt 46:973—979, 1994
20. YE MO, HEALY DP: Characterisation of an angiOtensin type-l
receptor partial eDNA from rat kidney: Evidence for a novel AT1b
receptor subtype. Biochem Biophys Res Commun 186:204—210, 1992
21. LAZARD D, BRIEND-SUTREN MM, VILLAGEOIS P, MATFEI MG, STROS-
BERG AD, NAHMIAS C: Molecular characterisation and chromosome
localisation of a human angiotensin II AT2 receptor gene highly
expressed in fetal tissues. Receptors and Channels 2:271—280, 1994
22. AVNER ED, VILLEE DB, SCHNEEBERGER EE, GRUPE WE: An organ
culture model for the study of metanephric development. J Urol
129:660—664, 1983
23. NoRwoon VF, HARRIS M, GOMEZ RA: Angiotensin II receptors
(AT-i and AT-2) are developmentally regulated during early nephro-
genesis. (abstract) JASN 5:632, 1994
24. GRADY EF, SECHI LA, GRIFFIN CA, SCHAMBELAN M, KALINYAK J:
Expression of AT2 receptors in the developing rat fetus. J Clin Invest
88:921—933, 1991
25. TUFRO-MCREDDIE A, HARRISON JK, EVERETF AD, ARIEL GOMEZ R:
Ontogeny of type 1 angiotensin II receptor gene expression in the rat.
J Clin Invest 91:530—537, 1993
26. KAKUCHI I, ICHIKI T, KIYAMA S. HOGAN BLM, FoGo A, INAGAMI T,
ICHIKAwA I: Developmental expression of renal angiotensin II recep-
tor genes in the mouse. Kidney mt 47:140—147, 1995
27. KOSEKI C, HERZLINGER D, AL-AWOATI Q: Apoptosis in metanephic
development. J Cell Biol 119:1327—1333, 1992
